Background. Understanding the relationship between the levonorgestrel (LNG)-releasing intrauterine system (IUS) and sexually transmitted infections (STIs) is increasingly important as use of the LNG-IUS grows to include women at higher risk for STIs. This study assessed the impact of the LNG-IUS on development of Chlamydia trachomatis pelvic inflammatory disease, using a baboon model.
Sexually transmitted infections (STIs) and unplanned pregnancies are interconnected global health crises affecting millions of women and men. Moreover, countries with the largest STI burden have the highest rates of maternal and infant mortality and the greatest need for effective contraception. The levonorgestrel (LNG)-releasing intrauterine system (IUS), a form of long-acting reversible contraception, provides women with user-independent contraception that can increase the interval between births and decrease the number of unintended pregnancies. However, use is limited worldwide because of fear of side effects, including development of pelvic inflammatory disease (PID), as observed with previous generations of intrauterine devices, such as the Dalkon Shield [1, 2] . PID is an infectious disease of the female upper reproductive tract that affects nearly 800 000 women annually in the United States [3] . Potential consequences of PID include infertility, ectopic pregnancy, chronic pelvic pain, and tubo-ovarian abscess [3] . Chlamydia trachomatis is one of the most common pathogens associated with PID and is the most common sexually transmitted bacterial pathogen worldwide [4] .
A primate model that effectively recapitulates PID allows prospective interrogation of the association between chlamydial infection and intrauterine device use, as well as investigation of basic immune mechanisms, pathogenesis, and interventional strategies. In macaques (Macaca species), chlamydial infection can be reliably produced, but use of the LNG-IUS in this model is limited by the size of the animal and the presence of a tortuous cervical canal, making intracervical insertion challenging. Baboons (Papio anubis) have a rectilinear cervical canal that allows for ease of transcervical procedures [5, 6] . Previously our group demonstrated that baboons are susceptible to infection with C. trachomatis and develop a range of clinical manifestations that include DNA detection with no clinical signs, cervicitis, and PID with tubal enlargement and inflammation [7] . In this study, we evaluated C. trachomatis infection in baboons with and those without the LNG-IUS to determine the influence of this device on C. trachomatis infection, persistence, and progression to PID.
METHODS

Regulatory Approval
The Institutional Review Committee at the Institute of Primate Research in Nairobi, Kenya, approved all aspects of live animal work in this study, in compliance with pertinent Kenyan law (Cap 360: Prevention of Cruelty to Animals Act) and the International Guiding Principles for Biomedical Research Involving Animals [8] . This study received an off-site exemption from the University Committee for the Care and Use of Animals at the University of Michigan. A Kenyan export permit (in accordance with the Convention on International Trade in Endangered Species of Wild Fauna and Flora) was obtained from the Kenya Wildlife Service, and permits for import were obtained from the Centers for Disease Control and Prevention (as described elsewhere [9] ).
Study Site, Population, and Design
This study was conducted at the Institute of Primate Research and has been previously described [9] . Briefly, 18 wild-caught sexually mature female olive baboons (P. anubis) were used in this study, quarantined, examined, and housed as described elsewhere [9] . Animals were then randomly assigned to an experimental group (6 received an LNG-IUS [the LNG group], and 8 did not [the non-LNG group]) or an uninfected control group (2 received an LNG-IUS, and 8 did not). All animals underwent baseline collection of serum and cervical swab specimens for detection of C. trachomatis by culture and nucleic acid amplification testing (NAAT). For the LNG group, the device (Mirena) was inserted transcervically, using our previously described protocol [10] and the manufacturer-provided insertion device, as well as a small Pederson vaginal speculum for visualization [9, 11] , in anesthetized baboons. This group was monitored for 24 weeks for problems associated with the LNG-IUS (eg, expulsion and perforation). Following this observation period, animals underwent C. trachomatis infection. The non-LNG group did not undergo the postquarantine observation period and went immediately into the infection phase. A total of 1 × 10 7 inclusion-forming units of a clinical C. trachomatis serovar E isolate or an equal volume of SPG buffer was administered by pipette directly onto the ectocervix at weekly intervals for a total of 5 inoculations as previously described [7, 9] .
Sampling
Cervical, tubal, and blood samples were obtained from, physical examination was performed on, and laparoscopic tubal evaluation was conducted on anesthetized animals, as described elsewhere [9] and summarized in Figure 1A . Animals were euthanized and final samples collected 16 weeks after initial inoculation. Tubal and cervical NAATs, C. trachomatis cultures, serological analyses, and histological analyses were performed as previously described [7, 9] . The presence of antichlamydial antibodies in serum was determined using the Medac pELISA kit [12] (Medac, Wedel, Germany). Quantitative polymerase chain reaction (PCR) analysis for C. trachomatis was performed using the Abbott RealTime Ct/NG assay (Promega, Madison, WI) at the University of Michigan Clinical Microbiology Laboratory. Testing was performed with the Abbott m2000rt system, using the mSample Preparation DNA kit for sample extraction on the m2000sp system. Internal controls from the Abbott RealTime CT/NG kit were added to lysis buffer before extraction. When extraction was complete, sample eluate and master mix were added to the 96-well PCR plate, which was then transferred to the m2000 system for real-time PCR analysis. Histological evaluation was performed by a board-certified veterinary pathologist blinded to the experimental groups at the time of evaluation, using a previously described 4-point histological scoring system [7] . PID was diagnosed on the basis of criteria reported elsewhere [7] , with modifications, as shown in Table 2 .
Assessment of Vaginal Cytokines
For cytokine analysis, vaginal swab specimens were clipped into Spin-X centrifuge filter tubes (Costar, Corning, Corning, NY), equilibrated with 300 µL of extraction buffer (phosphate-buffered saline [PBS], 0.25 M NaCl, 0.1 mg/mL aprotinin, and 0.001% sodium azide) for 30 minutes on ice, and centrifuged at 16 000×g for 20 minutes at 4°C. Equilibration and centrifugation were repeated, and then 50 µL of sample was transferred to a 96-well plate for analysis by a multiplex enzyme-linked immunosorbent assay (ELISA) in accordance with the manufacturer's protocol (NHP Milliplex cytokine panel [PRCYTOMAG-40K-13], EMD Millipore/Merck, Darmstadt, Germany). A total of 100 µL of sample was further used for analysis of interleukin 1β (IL-1β), using an individual IL-1β DuoSet ELISA in accordance with the manufacturer's protocol (R&D Systems, Minneapolis, MN), and a 10-µL specimen was used for protein quantification by the Bradford assay in accordance with the manufacturer's protocol (ThermoPierce, Rockford, IL).
Statistical Analysis
Statistical analysis was performed using Prism, version 6.0 (GraphPad Software, La Jolla, CA). The Student t test or analysis of variance was used where applicable, and nonparametric data were log transformed. The threshold for statistical significance was defined a priori as a P value of < .05.
RESULTS
Eighteen animals began the study; 2 were euthanized before the end of the 16 week period after initial inoculation, administered at week 0. Four additional inoculations were administered weekly at 1, 2, 3, and 4 weeks. One animal in the non-LNG group (animal 3920) was euthanized after the fourth inoculation owing to development of a tubo-ovarian abscess, a PID end point. Another animal (3910) was euthanized on week 6 after initial inoculation because of a postlaparoscopy wound infection. This animal did not have gross or clinical evidence of PID but was later found to have positive PCR results and histologically evident tubal inflammation consistent with PID (see below). Individual animals and their study outcomes are listed in Table 1 . NAAT results
NAAT results
C. trachomatis Infection and Quantitation
No animals exhibited gross, microbiological, NAAT-based, or serological evidence of chlamydial infection before inoculation. Seven of 8 inoculated non-LNG recipients and 6 of 6 inoculated LNG recipients became infected with C. trachomatis, as determined by results of cervical NAAT and culture (culture data are consistent with NAAT findings and are not shown) for a minimum of 2 consecutive time points during the study. One of 8 non-LNG recipients (animal 4000) had transient positive NAAT results 3 weeks after initial inoculation but negative results at all other time points; immune response and clearance data exclude this animal because it failed to meet infection criteria. No control animals had tubal or cervical specimens positive for C. trachomatis by NAAT or culture. As we previously reported, C. trachomatis clearance was delayed in LNG recipients [9] . Furthermore, by quantitative PCR from cervical samples, LNG recipients had a higher bacterial burden than non-LNG recipients. Calculated log numbers of elementary bodies per milliliter began to diverge between the groups 3 weeks after initial inoculation (while animals were still being inoculated with C. trachomatis), reaching significant differences 6 weeks after initial inoculation, the week after inoculations ended ( Figure 1B ). Upper reproductive tract infection was confirmed by positive NAAT results among tubal samples obtained by laparoscopy after inoculation during week 0, by laparoscopy 4 and 8 weeks after initial inoculation, and by necropsy 16 weeks after initial inoculation (Table 1) . Positive tubal NAAT results were observed for the animal with a tubo-ovarian abscess (animal 3920) in the non-LNG group and for 1 LNG recipient (animal 3910). Tubal NAAT results for all other animals were negative at all time points.
Seroconversion
Among animals in the non-LNG group, 3 of 7 were seropositive for anti-C. trachomatis immunoglobulin G for ≥2 consecutive weeks (Table 1) . One (animal 3920) had the tubo-ovarian abscess and became seropositive during week 3 after initial inoculation, while the other 2 (animals 3804 and 3859) were seropositive by week 6 after initial inoculation and seronegative by the end of the study. In the LNG group, 3 of 6 inoculated animals (3893, 3905, and 4007) were seropositive by week 6 after initial inoculation (Table 1) ; these animals remained seropositive for the remainder of the study period. No control animals seroconverted.
Clinical Findings
Yellow or malodorous vaginal discharge was seen at ≥1 time point in 7 of 7 animals in the non-LNG group and in 3 of 6 infected LNG recipients (data not shown). This was not seen in any control animals. Appetite, behavior, and overall clinical appearance remained normal throughout the study in all groups. Of note, the animal (3920) euthanized for a tubo-ovarian abscess did not show clinical signs (eg, altered appetite or depression).
Laparoscopic Observations
Laparoscopic findings were observed in 4 of 7 infected animals in the non-LNG group and in 5 of 6 infected LNG recipients (Table 2 ). Laparoscopic findings in the non-LNG group were present as early as week 3 after initial inoculation (range, weeks 3-16) and consisted of tubal dilation and adhesions (in animals 3804, 3859, and 3882) and a tubo-ovarian abscess (in animal 3920). The tubo-ovarian abscess was first detected at week 4 after initial inoculation and had a diameter of >20 mm (baseline tubal diameter, 2 mm), involving the right ovary and tubal infundibulum. In the LNG group, 3 animals (3905, 3991, and 4007) had tubal enlargement, and 2 (3910 and 3893) had tubal adhesions.
Histological Findings
Vaginal, cervical, endometrial, and fallopian tube tissue specimens were evaluated for evidence of chronic (ie, lymphoplasmacytic) cervicitis, endometritis, or salpingitis or other manifestations of C. trachomatis infection. At the end point a Absorbance units were at or minimally above the ELISA's lower limit of detection (ie, results were equivocal).
b The animal was euthanized during week 5.
c The animal was euthanized during week 6. (week 16 after initial inoculation), all but 2 animals in the entire study had mild-to-moderate lymphoplasmacytic cervicovaginal inflammation, including 1 of 2 uninfected non-LNG recipients and 2 of 2 uninfected LNG recipients. This low-level cervicitis/vaginitis has been previously reported as a common background finding in nonhuman primates [13] and was also seen in our previous studies [10, 14] .
In the non-LNG group, C. trachomatis-related histological findings were present in only 1 animal (3920) and consisted of a tubo-ovarian abscess within the right ovary and infundibulum ( Figure 2 ). The contralateral (left) tube also had neutrophilic luminal exudate and infiltration within the tubal propria. The predominant leukocyte infiltration in this animal was neutrophilic; this is consistent with an acute manifestation of PID that may be related to C. trachomatis but may also be associated with secondary infection by other bacteria [15, 16] . None of the remaining animals in the non-LNG group had histologically evident inflammation in the endometrium, tubes, or ovary.
C. trachomatis-related histological findings in the LNG group were present in 2 animals (3893 and 3910) and consisted of focal tubal leukocyte infiltration (Figure 2 ). One animal (3910) had a unilateral mixed neutrophilic-to-mononuclear (macrophagic and lymphoplasmacytic) infiltrate at week 6 after initial inoculation (the animal was euthanized early, at this time point, because of a surgical wound infection). The other (animal 3893) had a bilateral lymphocytic tubal infiltrate at the study end point (ie, week 16 after initial inoculation), consistent with mild chronic salpingitis. There was no histologically evident endometrial, tubal, or ovarian inflammation in any other animal in the LNG group, including the 2 uninfected controls (Figure 2) .
In addition to the changes described above, all animals in the LNG group, including uninfected controls, also had LNGrelated histological changes independent of C. trachomatis infection. These consisted of extensive endometrial decidualization and multifocal neutrophilic and mononuclear endometrial infiltration (Supplementary Figure 1) . These findings were consistent with previous reports of LNG-related histological findings in women, including endometrial inflammatory infiltrates [17] .
Evidence of PID
The presence of PID was determined on the basis of all clinical, laparoscopic, molecular, and histological evidence. In the non-LNG group, 1 animal (3920) met the diagnostic criteria for PID (Table 2) , with the presence of a tubo-ovarian abscess and NAAT positivity for C. trachomatis. In the non-LNG group, 3 animals (3804, 3859, and 3882) met criteria suggestive of PID, since they had tubal enlargement/adhesions and positive cervical NAAT results but lacked upper tract disease (ie, positive results of tubal NAAT or positive histological findings). Three animals in this group (3835, 3847, and 3921) had lower reproductive tract infection only (ie, positive results of cervical NAAT). In the LNG group, 2 animals (3910 and 3893) met the diagnostic criteria for PID (ie, focal chronic salpingitis, tubal NAAT positivity, and tubal enlargement or adhesion), and 3 (animals 3905, 3991, and 4007) met criteria suggestive of PID. One LNG recipient (animal 3926) had infection confined to the lower reproductive tract.
Cervical Immune Response to C. trachomatis Infection
To define the local immune response to C. trachomatis during the course of infection, we analyzed the production of the cytokines interleukin 1RA (IL-1RA), interleukin 8 (IL-8), CCL2, and CCL3, by multiplex ELISA, and IL-1β, individually, using swab specimens obtained from the cervixes of infected baboons at baseline and weekly throughout the course of infection. Non-LNG recipients had high IL-1RA levels at baseline (before infection), while LNG recipients had suppressed IL-1RA levels at baseline ( Figure 3A) . After infection, all groups had low IL-1RA levels. This suggested that LNG modulated the IL-1β axis even in the absence of infection. Both non-LNG and the LNG groups had low IL-1β in the absence of infection. In the non-LNG group, statistically significant induction of IL-1β was observed at weeks 1, 2, and 4 after initial inoculation, while the animals were still undergoing inoculations. LNG recipients had delayed induction, and IL-1β levels were consistently low or below the limit of detection ( Figure 3B ). In non-LNG recipients, the level of the neutrophil chemoattractant IL-8 was low at baseline, while that in LNG recipients trended higher ( Figure 3C ). Upon normalization of individual animals to each animal's baseline levels of IL-8, non-LNG recipients had a 3-5-fold increase in IL-8 production throughout infection, both during and after the inoculation period, while LNG recipients experienced unchanged or decreased IL-8 production ( Figure 3C) .
Production of the T-cell chemoattractants CCL2 and CCL3 differed between groups early during infection, while inoculations were still ongoing. Non-LNG recipients did not induce the T-helper type 2 (Th2) chemoattractant CCL2, while LNG recipients induced CCL2 at week 1 after initial inoculation ( Figure 4A ). In contrast, non-LNG recipients induced the Th1 chemoattractant CCL3, while LNG recipients did not ( Figure 4B ).
DISCUSSION
In this study, the presence of an LNG was associated with delayed bacterial clearance (in 6 of 6 animals), a higher bacterial burden in early infection (weeks 3-6 after initial inoculation), and an increased incidence of chronic salpingitis (in 2 of 6 animals) in a prospective model of C. trachomatis infection. In contrast, among non-LNG recipients, 6 of 7 infected animals cleared C. trachomatis infection and lacked histological indication of chronic salpingitis. One animal in the non-LNG group was euthanized at an early time point because it developed a tubo-ovarian abscess, a less common presentation that may be related to secondary bacterial infections in addition to C. trachomatis [15, 16] . The findings of decreased clearance, increased bacterial load, and higher incidence of chronic PID in the LNG group suggest that LNG may have an immunomodulatory function that influences C. trachomatis clearance and infection outcome.
In our laboratory's previously published work [9] , we used data from the present study to demonstrate that the vaginal microbial diversity in these baboons is consistent with other studies detailing vaginal microbiomes in wild-caught baboons [18] . Baseline differences in vaginal microbiomes between groups, changes in the microbiome during the LNG-IUS equilibration period, and changes in the C. trachomatis infection period could not account for the decreased clearance of C. trachomatis from the LNG group [9] .
Because the early bacterial burden (during weeks 3-6 after initial inoculation) was impacted by the presence of LNG, we investigated differences in immune responses, focusing on baseline and early time points. Before infection, the presence of the LNG-IUS resulted in elevation of IL-8 levels and suppression of IL-1RA levels. Studies have shown IL-8 induction in the first 1-6 months of LNG-IUS use in women, with gradual tapering of IL-8 production [19] . Our baseline time point was 24 weeks after insertion, which is within the window of observed LNG-IUS-dependent IL-8 induction. Similarly, IL-1RA is induced in the follicular phase of the menstrual cycle in vaginal secretions, whereas it is suppressed in the luteal phase [20] . This may explain the low IL-1RA levels in LNG-IUS recipients, as high levels of LNG acting on progesterone receptors may mimic the luteal phase. increased in the non-LNG group, while the LNG-IUS group, which had high baseline IL-8 levels, had decreased production of IL-8 during infection, relative to their baseline levels. Data are for 6-7 animals sample (some points are superimposed). NS, not significant; ND, none detected. *P < .05; **P < .01.
The ratio of the IL-1RA to IL-1β levels is an indicator of the inflammatory state [21] : a low IL-1RA to IL-1β ratio indicates a proinflammatory state, while a high IL-1RA to IL-1β ratio indicates an antiinflammatory state. All groups had low IL-1β levels before infection. However, non-LNG recipients had high IL-1RA levels at baseline, whereas LNG recipients had low IL-1RA levels at baseline, suggesting a more inflammatory baseline state and a potentially rapid response to C. trachomatis infection in the LNG group. Here, we observed the opposite: a delayed immune response. LNG-ISU recipients had delayed production of IL-1β ( Figure 3B ) and several cytokines downstream of IL-1β (ie, IL-8 and CCL3) ( Figure 3C and Figure 4B ). Suppression of IL-1RA levels at baseline by the LNG-IUS may be independent of suppression of IL-1β levels during C. trachomatis infection, but it suggests broad dysregulation of the IL-1 axis by the LNG-IUS. The mechanism of this dysregulation may be tied to promiscuous receptor binding: when present in high concentrations, progestogens can act via the glucocorticoid receptor to suppress inflammation, particularly IL-1β production [22] . The extent to which LNG can bind the glucocorticoid receptor is controversial [23] . However, the LNG-IUS induces suppression of both estrogen and progesterone receptors in the reproductive tract [24, 25] . Suppression of the progesterone receptor could skew LNG receptor binding by effectively increasing the LNG to progesterone receptor ratio, with an effect similar to that of increasing the concentration of LNG, resulting in increased LNG-mediated immune modulation via the glucocorticoid receptor.
Complete profiling of the immune response was complicated in this study by poor availability of validated baboon cross-reactive reagents (eg, interferon γ and interleukin 4). However, our available data suggest that non-LNG recipients have a Th1 response (ie, a high level of CCL3, primarily a Th1 chemoattractant [26] ), while LNG promotes Th2 immune responses (ie, high levels of CCL2, primarily a Th2 chemoattractant [27, 28] ). The lack of IL-1β induction and the release of pro-Th2 chemokines in early infection suggests that the LNG-IUS skews the immune response toward Th2, but it is unclear how this influences the development of PID. It is possible that an early Th1 response is important in early bacterial clearance and that the lack of this strong Th1 response contributes to chlamydial persistence in the presence of LNG. While modulation of the IL-1β axis by the LNG-IUS during C. trachomatis infection may be responsible for the decreased clearance in LNG-IUS recipients, this could ultimately be protective against PID. IL-1 has been shown to initiate fallopian tube destruction in humans during chlamydial PID [29] . It also showed that disruption of the IL-1 pathway led to complete suppression of IL-8 (as we observed in our study), which could result in decreased inflammatory infiltrate.
One surprising finding was that the level of seroconversion in infected baboons was lower than anticipated. Seroconversion was undetectable in 6 of 13 infection baboons (46%) with C. trachomatis-positive NAAT results. This could reflect the relatively low percentage of animals with symptomatic PID: in C. trachomatis-infected humans, 100% of patients with chlamydial PID have detectable circulating anti-C. trachomatis antibodies [30] ; however, among C. trachomatis-infected humans without PID, seroconversion in 20%-35% is undetectable by various current methods [12, 31, 32] . The low rate of seroconversion could also be due to poor species cross-reactivity issues or a high assay threshold for positive titers (2 values not included in the positive count were at the threshold of detection). Nevertheless, animals that met the criteria for PID in each group (animals 3920 and 3893) seroconverted, with the exception of 3910 in the LNG-IUS group, which may have been euthanized before antibody responses developed. The remaining animals that seroconverted had criteria suggestive of PID. There was no seroconversion in any animals with infection confined to the lower reproductive tract. We did not observe a correlation between high antigen load and seroconversion.
Limitations in this study are worth noting. First, although the study design permitted evaluation of C. trachomatis infection and persistence, the ability to make broad statements about the LNG-IUS and PID severity or progression is limited since, as in humans, not every infected animal developed PID. Additionally, the amount of C. trachomatis that was inoculated (1 × 10 7 inclusion-forming units), along with the number of inoculations undertaken (5 per animal), may represent superphysiologic inoculations, although the amount necessary to cause infection in humans is unknown. This high inoculum and frequent-inoculation regimen was undertaken to maximize the likelihood of infection and increase the likelihood of the relatively rare end point of PID. Studies with PID as an objective have necessitated multiple infections in macaque models [33, 34] . Despite this high dosing level, non-LNG recipients were able to clear infection in this study.
As stated above, we cannot conclude from this study that the LNG-IUS causes an increased incidence of PID during C. trachomatis infection. In animals with C. trachomatis infection, we found that the LNG-IUS resulted in 2 of 6 baboons developing PID, while 1 of 7 non-LNG recipients had PID. Three animals from each group met criteria suggestive of PID. The LNG group had significantly higher bacterial burdens in the cervix throughout a prolonged period of infection, relative to the non-LNG group, and this correlated with decreased induction of IL-1β and downstream cytokines in the LNG-IUS group; the LNG-IUS appeared to promote Th2 immune responses over Th1 response. These findings suggest that the LNG-IUS influences the local immune response to infection, a finding that has implications for persistence and progression of C. trachomatisrelated disease. Future work characterizing immune disruption to the female reproductive tract-and elucidating the associated molecular mechanisms-during use of the LNG-IUS is of paramount importance as more women at higher risk for C. trachomatis infection use an LNG-IUS.
